Abstract: Quartz crystal microbalance (QCM) measurements of nanotribological properties of statistically diverse materials combinations of nanoparticles and substrate electrodes in aqueous suspensions are reported and compared to macroscale measurements of the same materials combinations for a subset of the nanoparticle combinations. Four ceramic nanoparticles, TiO 2 , SiO 2 , Al 2 O 3 , and maghemite (γ-Fe 2 O 3 ) and ten substrate materials (Au, Al, Cr, Cu, Mo, Ni, Pt, SiO 2 , Al 2 O 3 , and SS304) were studied. The QCM technique was employed to measure frequency and motional resistance changes upon introduction of nanoparticles into the water surrounding its liquid-facing electrode. This series of experiments expanded prior studies that were often limited to a single nanoparticle -solid liquid combination. The variations in QCM response from one nanoparticle to another are observed to be far greater than the variation from one substrate to another, indicating that the nanoparticles play a larger role than the substrates in determining the frictional drag force levels. The results were categorized according to the direction of the frequency and motional resistance changes and candidate statistical performance factors for the datasets were generated. The performance factors were employed to identify associations between the QCM atomic scale results and the macroscale friction coefficient measurements. Macroscale measurements of friction coefficients for selected systems document that reductions (increases) in motional resistance to shear, as measured by the QCM, are linked to decreases (increases) in macroscale friction coefficients. The performance factors identified in the initial study therefore appear applicable to a broader set of statistically diverse samples. The results facilitate full statistical analyses of the data for identification of candidate materials properties or materials genomes that underlie the performance of nanoparticle systems as lubricants.
Introduction
Development of environmentally friendly additives is expanding rapidly [1] . Recent studies in nanostructured materials and surface coatings have revealed, for example, that water can be used as the working fluid in place of oil for lubrication purposes [2] [3] [4] . Unlike many conventional additives to oil-based lubricants, nanoparticles are suitable as additives in water-based lubricants. They are available as manufactured materials with a wide range of surface treatments and have great potential for reducing friction [5] . Reductions or increases in friction coefficients and wear associated with nanoparticles are, however, closely linked to nanoparticle concentration, size, morphology, electrical charge, and the surface treatment employed to prevent agglomeration [6, 7] . Given that nanoparticles are also ubiquitous in nature in the form of wear particles resulting from frictional rubbing process [8] , studies of their behavior are timely and compelling. We report here a study of statistically diverse materials combinations of aqueous suspensions of nanoparticles (NP) and substrate electrodes. Four oxide NPs dispersed in water have been chosen: Al 2 O 3 , SiO 2 , and TiO 2 , which develop a significant surface charge in aqueous suspensions at acidic, normal, and alkaline pH, respectively, and Fe 2 O 3 NP with surface treatments to attach side-chain molecules for steric repulsion to prevent agglomeration. Aqueous-based NP suspensions are candidate lubrication systems of particular interest from both energy efficiency and environmental sustainability standpoints. While some NPs provide lubrication for specific substrates, others have little effect or even give rise to additional friction and wear [9] . Given that some nanoparticle suspensions are lubricious in some applications while others are detrimental, the fundamental mechanisms associated with the presence of NP that give rise to macroscale tribological performance is now the major focus of current research [5, 7, 9] . The results of such studies also have impact on the broader field of ceramic nanoparticles applications in the fields of physics, materials, chemistry, biomedicine, and pharmaceuticals, where knowledge of the interactions of nanoparticles at solid-liquid interfaces is key to progress [10] [11] [12] [13] [14] [15] .
Fundamental understanding of physical and chemical processes that govern the role of nanoparticles in tribological applications has yet, however, to be established. Dai et al. performed an extensive literature-based statistical analysis to identify the key material properties and fundamental interactions responsible for friction and wear reductions for oil-based nanoparticle suspensions [6] , but a lack of common conditions for data recording presented a significant challenge. Further, it is unclear at present whether cases of nanoparticle reductions in friction reported in literature actually outnumber those that increase friction, or if the latter are being underreported.
In order to identify key material properties and fundamental interactions responsible for friction reductions by nanoparticle-based additives in liquid suspensions using a statistical procedure, experimentally consistent performance parameters for statistically diverse combinations of materials are required. The present research therefore focuses on varying the properties of nanoparticles and substrate materials and examining the interfacial effects in an aqueous medium under standardized experimental conditions. The overarching goal is to then to identify experimental parameter(s) that correlate with the tribological properties of various nanoparticle-substrate combinations. Here we have employed a quartz crystal microbalance (QCM) to record data in a manner that has recently been linked directly to percent reduction in macroscale friction for materials lubricated by the same suspensions [9, 16] . In particular, we examined the change in resonant frequency and resistance to a QCM's oscillation and shear motion upon introduction of Al 2 O 3 , TiO 2 , SiO 2 , and Fe 2 O 3 nanoparticles into an aqueous medium for ten different surface electrode materials, including 304 stainless steel (304SS), metallic Al, Au, Cu, Cr, Mo, Ni, and also oxides alumina and silica. The data are used to derive nanotribological performance factors associated with the lubricity of nanoparticles at the solid-liquid interface, and then compared to macroscale friction measurements for selected materials combinations. The performance factors identified indicate that the method may be applicable to a broad set of macroscale systems, for mixed or hydrodynamic regimes of lubrication [16] . The results therefore facilitate full statistical analyses of the data for identification of candidate materials properties and materials genomes that underlie the performance of nanoparticle systems as lubricants.
Materials

Nanoparticles
Aqueous suspension of anatase TiO 2 (titania) and gamma Al 2 O 3 (alumina) nanoparticles were purchased from US Research Nanomaterials (stock numbers: US7071 and US7030) (Houston, TX, USA). The stock suspensions of nanoparticles at concentrations of~20 wt % were dispersed in deionized water to obtain the desired concentrations. At the ambient temperature of 23 • C, the density and viscosity of deionized water are 997.5 kg/m 3 and 9.32 × 10 −4 kg/ms, respectively, and pH = 6.7. Zeta potential of the NPs at typical concentration of 0.67 wt % in deionized water was measured using dynamic light scattering (DLS, Zetasizer, Malvern, Westborough, MA, USA). A VWR Symphony SB70P pH meter (VWR International, Radnor, PA, USA) was used to monitor the pH of the suspension.
SiO 2 (silica) nanoparticles were purchased from Buehler (a division of Illinois Tool Works (ITW), Lake Bluff, IL, USA) as a MasterMet silica colloidal dispersion in water. Distribution of the particles' hydrodynamic size, pH, and zeta potentials were determined upon dilution of the original stock suspension with deionized water. Two different silica nanoparticle systems were studied, with two levels of zeta potentials −21.1 mV and −27.2 mV having diameters 75 nm and 50 nm, respectively. The former is a dispersion without any surfactant, whereas the latter has polyethylene glycol as surfactant (referred to as SiO 2 -P). The experiments with these nanoparticles were carried out at concentration levels 0.5 to 1.75 wt % in water at 0.25 wt % increment.
Aqueous suspensions of 5 nm γ-Fe 2 O 3 NPs (stock number: US3202W) were purchased from US Research Nanomaterials, Inc. (Houston, TX, USA). These NPs in solution were stabilized via steric repulsion using polyethylene oxide as the surface ligand. The zeta potential of these NPs is approximately zero. Fe 2 O 3 NPs were received as 15 wt % dispersions in deionized (DI) water and were stored without light exposure. The suspensions were diluted to the desired concentrations and sonicated immediately prior to data recording. The types of NPs and their properties are listed in Table 1 . Table 1 . Properties of the nanoparticles (NP) studied [16] [17] [18] . The concentration range listed represents the values used in quartz crystal microbalance (QCM) measurements to determine the optimal concentration. The final measurements at or close to the optimal concentration are reported in Section 4. 
Nanoparticle
Substrates
All quartz crystal microbalance tests employed in these studies comprised of a sensing electrode, 0.5" in diameter, which was deposited onto 1" in diameter polished AT-cut (transverse shear mode, type A temperature compensated) quartz crystal with fundamental resonant frequency of 5 MHz. The quartz crystals with silica deposited onto a metal surface electrode were purchased from INFICON, Inc. (East Syracuse, NY, USA) [Part number: 149277-1] and those with the surfaces composed of 304SS, Al, Au, Cr, Cu, Mo, Ni, and Pt were purchased from Fil-tech, Inc. (Boston, MA, USA) [Part numbers: QM1022, QM1010, QM1001, QM1018, QM1012, QM1011, QM1007, and QM1004, respectively]. The Al samples were anodized by employing a standard method that grows an alumina layer at the rate of 2 µm/h [9] . The sensing Al electrode was used as an anode and immersed into a 4 wt % oxalic acid solution maintained at 0 • C. A cathode was placed in the bath and an electric potential of 40 V was applied between the anode and the cathode. Anodization was halted at 3 min yielding an approximately 100-nm-thick Al 2 O 3 layer. After the anodization procedure, the samples were thoroughly rinsed with DI water before mounting the electrode on a QCM holder. The properties of the materials used for the QCM sensing electrode are given in Table 2 . The roughness of the substrates was measured by atomic force microscope (AFM) before the QCM measurements. The saturated root mean squared (rms) roughness measured over the scanned area larger than the correlation length are listed in the 
Experimental Method
The QCM measurement technique has been previously reported and described in detail for Fe 2 O 3 and SiO 2 nanoparticle suspensions on alumina and Au substrates, respectively [16, 17] . The additional measurements presented here for Al 2 O 3 , TiO 2 , and SiO 2 -P, were performed in the same experimental setup and the measurement technique is described here in brief.
A schematic of the QCM apparatus is shown in Figure 1a . It consists of a QCM100 (Stanford Research Systems, Sunnyvale, CA, USA) system, which includes an oscillator driving circuitry, a controller, and a Teflon holder. The QCM resonant frequency and conductance voltage are measured by a frequency counter (HP 53181A, Keysight Technologies, Santa Rosa, CA, USA) and a multimeter (Keithley 2000 Series, Tektronix, Inc., Beaverton, OR), respectively, and recorded by a LabView (National Instruments, Austin, TX, USA) data acquisition system. The conductance voltage V c is converted to the motional resistance [31] according to R = 10 (4− its quality factor Q, therefore, the relative change in Q upon introduction of NPs can also be determined simultaneously, as depicted in Figure 1d . For TiO2 NPs, the QCM experiments were first carried out at varying concentrations that ranged from 0.17 to 1.00 wt % in increments of 0.17% in DI water. The shifts in frequency (δf) and motional resistance (δR) and the relative change in Q-factor (δQ/Q) for the various concentrations of TiO2 nanoparticles are shown in Figure 2 . The optimal concentration of NPs for lubrication, defined by the greatest reduction in R upon introduction of NPs, was observed at 0.67 wt %. The experiments were then performed at the optimal concentration of 0.67 wt % in triplicate for 10 different surface electrode materials.
SiO2 NP experiments were first carried out by varying the concentration from 0.5 to 1.75 wt % at an interval of 0.25 wt %, as previously reported in reference [17] , and the optimal concentration was found to be 1.5%. For SiO2-P, the measurements were performed at 1.5 wt %. The measurements for Fe2O3 NPs involved an increase in NP concentration from 0.2 to 1 wt % in increments of 0.2 wt % [16] . Similarly, the experiments for Al2O3 NPs were performed at concentrations from 0.17 to 1.00 wt % in (DI water in 0.17 wt % increment.
The NP's effect at the QCM's solid-liquid interface was next parameterized by four candidate performance factors: δf, δR, δQ/Q, and δR/δf, which were calculated at, or close to, the optimal concentrations for the corresponding NPs. In total, 48 observations for four NPs and ten substrates The QCM crystals were first mounted into the Teflon holder under ambient conditions in air and then the system frequency was allowed to stabilize. The holder was then immersed into 60 mL of deionized (DI) water in a beaker and nanoparticles were next added to the desired concentration levels. The QCM frequency and motional resistance were continuously recorded during this process. Figure 1b -d displays a typical QCM data set, where a QCM with Au surface electrode immersed in water exhibits a change in its resonance characteristics upon addition of TiO 2 NPs. The observed shifts in the resonance frequency (f ) and motional resistance (R) are the combined effect of increases in density and viscosity of the fluid when nanoparticles are added, uptake of particles on the surface electrode, changes in the frictional energy losses of the materials deposited onto the surface electrodes and/or drag forces, and the interfacial slippage of a fluid in which the crystal is immersed. The ratio of the QCM's resonance frequency to the motional resistance is proportional to its quality factor Q, Lubricants 2019, 7, 49 6 of 17 therefore, the relative change in Q upon introduction of NPs can also be determined simultaneously, as depicted in Figure 1d .
For TiO 2 NPs, the QCM experiments were first carried out at varying concentrations that ranged from 0.17 to 1.00 wt % in increments of 0.17% in DI water. The shifts in frequency (δf ) and motional resistance (δR) and the relative change in Q-factor (δQ/Q) for the various concentrations of TiO 2 nanoparticles are shown in Figure 2 . The optimal concentration of NPs for lubrication, defined by the greatest reduction in R upon introduction of NPs, was observed at 0.67 wt %. The experiments were then performed at the optimal concentration of 0.67 wt % in triplicate for 10 different surface electrode materials.
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. Figure 2 . The shifts in (a) frequency, (b) motional resistance, and (c) relative change in Q-factor for a QCM with Au surface electrode immersed in DI water followed by an addition of TiO2 NPs at regular intervals of 1/6 wt% to the final concentration of 1 wt %. The optimal concentration for the lubrication effect is defined as the highest decrease in R (or increase in Q), and is observed at 0.67 wt % concentration.
Quartz Crystal Microbalance Data Analysis
For a QCM immersed in a fluid with bulk density ρ 3 and viscosity η 3 , the shifts in f and R associated with the liquid's presence under no-slip boundary conditions are given by [31, 32] δf = − ρ 3 η 3 πρ q μ q and δR = 1
where, f0 is the resonant frequency of unloaded QCM, ρ q = 2.648 g cm −3 is the density, and µ q = 2.947× 10 11 g cm −1 s 2 is the shear modulus of quartz, K 2 = 7.74 × 10 3 is the electromechanical coupling factor for AT-cut quartz and C 0 is the static capacitance of the QCM electrodes, which includes the parasitic capacitance associated with connections to the oscillator circuit. Employing Equation (1), immersion of a f0 = 5 MHz QCM at room temperature into water (ρ 3 = 1 g cm −3 , η 3 = 0.01 poise) under no-slip boundary conditions yields δf = −714 Hz and δR = 300 Ω. The increase in R is a manifestation of the fact that water is more viscous than air, with increased frictional drag forces. The energy dissipation of the QCM that can also be related to the quality factor Q of the QCM oscillator, therefore, increases. If the QCM quality factor was Q ≈ 50,000 in air, Figure 2 . The shifts in (a) frequency, (b) motional resistance, and (c) relative change in Q-factor for a QCM with Au surface electrode immersed in DI water followed by an addition of TiO 2 NPs at regular intervals of 1/6 wt% to the final concentration of 1 wt %. The optimal concentration for the lubrication effect is defined as the highest decrease in R (or increase in Q), and is observed at 0.67 wt % concentration.
SiO 2 NP experiments were first carried out by varying the concentration from 0.5 to 1.75 wt % at an interval of 0.25 wt %, as previously reported in reference [17] , and the optimal concentration was found to be 1.5%. For SiO 2 -P, the measurements were performed at 1.5 wt %. The measurements for Fe 2 O 3 NPs involved an increase in NP concentration from 0.2 to 1 wt % in increments of 0.2 wt % [16] . Similarly, the experiments for Al 2 O 3 NPs were performed at concentrations from 0.17 to 1.00 wt % in (DI water in 0.17 wt % increment.
The NP's effect at the QCM's solid-liquid interface was next parameterized by four candidate performance factors: δf, δR, δQ/Q, and δR/δf, which were calculated at, or close to, the optimal concentrations for the corresponding NPs. In total, 48 observations for four NPs and ten substrates are reported, for a variable number of observations for each NP-substrate combination.
For a QCM immersed in a fluid with bulk density ρ 3 and viscosity η 3 , the shifts in f and R associated with the liquid's presence under no-slip boundary conditions are given by [31, 32] 
where, f 0 is the resonant frequency of unloaded QCM, ρ q = 2.648 g cm −3 is the density, and µ q = 2.947 × 10 11 g cm −1 s 2 is the shear modulus of quartz, K 2 = 7.74 ×10 −3 is the electromechanical coupling factor for AT-cut quartz and C 0 is the static capacitance of the QCM electrodes, which includes the parasitic capacitance associated with connections to the oscillator circuit. Employing Equation (1), immersion of a f 0 = 5 MHz QCM at room temperature into water (ρ 3 = 1 g cm −3 , η 3 = 0.01 poise) under no-slip boundary conditions yields δ f = −714 Hz and δR = 300 Ω. The increase in R is a manifestation of the fact that water is more viscous than air, with increased frictional drag forces. The energy dissipation of the QCM that can also be related to the quality factor Q of the QCM oscillator, therefore, increases. If the QCM quality factor was Q ≈ 50,000 in air, it would drop to Q ≈ 3280 after immersion in water [7] . Since, the ratio f /R is proportional to the quality factor Q of the QCM oscillator, the relative change in Q factor can be approximated as Q/Q = (f/R)/(f/R), as shown in Figure 1d [33] . Addition of NPs into the fluid surrounding an immersed QCM, as shown in Figure 1 , virtually always change the resonance characteristics of the QCM. The most predictable changes are associated with NP-induced changes to the density and viscosity of the liquid [34] . These can be approximated by Einstein's equation [35] , η r = 1 + 2.5ϕ, or other statistical correlation equations established in literature, where η r and ϕ are the relative viscosity and volume fraction of NPs, respectively [36] . The contribution of increase in ρ 3 and η 3 of the nanoparticle suspension to δf and δR, are then estimated by inserting the suspension values into Equation ( The δf values higher in magnitude than these estimates indicate adsorption of nanoparticles onto the surface or increases in the surface roughness. If the no-slip boundary condition is satisfied, an additional rigidly adhering film deposited onto one side of a QCM will decrease its resonant frequency according to the Sauerbrey equation [37] 
o , where ρ 2 = (m f /A) is the mass per unit area of the film in g/cm 2 , with no additional change in R. Similarly, the expected δR values for the change in bulk density and viscosity of nanosuspensions are approximately: 2 to 4 Ω for 0.4 to 0.8 wt % Fe 2 O 3 , 1.5 Ω for 0.67 wt % TiO 2 , 1.3 Ω for 0.67 wt % Al 2 O 3 , and, 3.5 Ω for 1.6 wt % SiO 2 . Any deviation of the observed δR values indicate the nanoparticle's role in the change in frictional energy dissipation processes, changes in surface roughness, and changes in location of the solid-liquid slip plane. Decreases in R correspond to increases in Q factor, and suggestlower energy dissipation and, hence, nanoscale lubrication effects by the nanoparticles. On the other hand, increases in R or decrease in Q factor suggests higher motional drag forces at the QCM solid-liquid interface.
Macroscale Friction Measurements
Macroscale friction measurements were performed with alumina balls and disks using an MTM2 Mini-Traction Machine (PCS Instruments, London, UK). The balls had a diameter of 19.05 mm and were loaded against a 46 mm diameter disk. They were driven independently, creating a mixed rolling and sliding contact at a desired proportion. Measurements were performed at 4 N normal load, and ball rolling speed of 200 mm/s, with a slide-to-roll ratio (SRR) of 90%. The sliding speed of the measurements was therefore 180 mm/s. A 20 min friction run with pure DI water was completed first to obtain the baseline and then further measurements were performed in nanoparticle suspensions of Fe 2 O 3 or TiO 2 nanoparticles at different concentrations. The NPs concentration was increased in
regular increments from 0 to 1.0 wt % to determine where the greatest change in the friction coefficient occurs. The tests were performed for 4 min at each increment to allow for the kinetic coefficient of friction, µ k , to stabilize. The average µ k value from each concentration was then found and reported as a function of wt % concentration.
Results
The nanotribological effect of NPs at the QCM's solid-liquid interface was studied with the observables f and R in QCM measurements. The four parameters δf, δR, δQ/Q, and δR/δf represent the extent of NPs adsorption on the QCM's surface electrode, change in energy dissipation of the QCM, change in QCM's quality factor, and the NP's effect on improvement in lubrication at the interface, respectively, based on a prior study of a single combination of materials [16] . The effects of NPs at the interfaces characterized by these parameters are described in five subsections. In the first subsection, we present the overall impact of dispersing nanoparticles in water and categorize them based on their effects. The adsorption of NPs on the QCM's surface electrode is described in the second section. The third section presents the NP's role in change in energy dissipation of the QCM oscillator, characterized in terms of δR and δQ/Q. The interfacial effect of NP film on the surface electrode and/or their slip at the interface is presented, along with the friction measurements at the macro-scale in subsequent sections. The nanoscale parameter δR/δf is correlated with the NP lubrication effect in macro-scale [16] .
Examples of QCM Response Types Upon Introduction of NP's
In this section we define categories for the type of response that QCM datasets exhibit when NP are introduced into the surrounding liquid. As mentioned earlier in Section 3.1, nanoparticles that improve macroscale lubricity are linked to decreases in R in the nanoscale QCM response. This trend indicates that the nanoparticles decrease the frictional energy dissipation at the solid-liquid interface, a phenomenon that would also reduce friction at the macroscale, particularly in the hydrodynamic regime of lubrication [38] . An opposite trend, increases in R upon introduction of NP would then be linked to increases in friction. Figure 3a -c demonstrates these trends and presents QCM responses for TiO 2 nanoparticles on silica and alumina. The frequency shift of the QCM upon introduction of TiO 2 nanoparticles is comparable for the two substrates; however, the change in resistance is in opposite directions. For the alumina surface, the resistance R increases, and the Q factor decreases while for silica and all other eight substrates (not shown) a decrease in R is observed, implying that the Q factor increases and the nanoscale drag forces are lower. These two scenarios are listed in Table 3 for all nanoparticle-substrate combinations studied, and respectively categorized as type I and III. Table 3 . Response of QCMs categorized by the direction of the frequency and motional resistance shifts upon introduction of NP's. The numerals I, II, and III correspond to δf film < 0 and δR < 0; δf film~0 , δR < 0, and δf film < 0, δR > 0. The letters 'E' and 'e' respectively indicate "significant" and "slight" erosion. Table 3 for all nanoparticle-substrate combinations studied, and respectively categorized as type I and III. Other categories of QCM response to nanoparticles are cases where the resistance decreases in the absence of a frequency shift (type II) and cases where significant erosion of the substrate material occurs as time progresses. Examples of these are depicted in Figure 3d -f. For the case of TiO 2 nanoparticles on anAl surface the frequency shift is small and entirely attributable to the effect of the increased viscosity and density of the nanosuspension. This implies no significant adsorption of nanoparticles on the surface, i.e., δf film ≈ 0 and/or nanoparticles that are close to the surface but not coupled to the oscillation. These nanoparticles still produce a decrease in R and reduced interfacial drag, with a possibility of interfacial slip. The interfacial slip will be discussed in detail in later section. Other nanoparticle-substrate combinations falling into this category are listed in Table 3 . Another effect observed for some nanoparticle-substrate systems is erosion of the material from the substrate. As shown the Figure 3d -f, although the Fe 2 O 3 nanoparticles reduce the motional resistance for an alumina substrate, a gradual increase in frequency (c.f. Figure 3d) is also observed. This implies removal of material from the surface. The latter effect has been discussed previously in detail [16] by further analyzing the AFM images before and after the erosion. Similar behavior is also observed for TiO 2 nanoparticles on alumina (Figure 3a) and Al (Figure 3d ). These two systems also showed slight erosion, but as noted in Figure 3 , the erosion for Fe 2 O 3 on alumina is significantly higher. We listed the cases of erosion observed for the systems in Table 3 , indicating whether the erosion is slight or significant, with a designation of "e" or "E". The categories (I, II, and III) in the Table 3 are assigned after corrections for density and viscosity have been performed and before significant erosion occurred in cases where it was observed.
Substrate
Lubricants 2019, 7, 49 9 of 17 QCM upon introduction of TiO2 nanoparticles is comparable for the two substrates; however, the change in resistance is in opposite directions. For the alumina surface, the resistance R increases, and the Q factor decreases while for silica and all other eight substrates (not shown) a decrease in R is observed, implying that the Q factor increases and the nanoscale drag forces are lower. These two scenarios are listed in
Frequency Response Upon Introduction of Nanoparticles
The observed δf values measured for the various NP-substrate combinations are shown in Figure 4 . All of the observed δf values are negative, implying some additional mass loading on/at the QCM's surface electrode. The expected δf values for the visco-density effect for the nanosuspensions are represented by the dashed lines. Frequency shifts higher in magnitude than these values correspond to adsorption of NPs onto the surface. As originally reported by Sauerbrey [37] , an additional rigidly adhering film deposited onto one side of a QCM will decrease its resonant frequency by δ f f ilm = −2.264 × 10 −6 ρ 2 f 2 o , where ρ 2 = (m f /A) is the mass per unit area of the film in g/cm 2 . Fe 2 O 3 NPs showed the highest level of adsorption on alumina surface with δf ≈ −50 Hz beyond the visco-density effect. This is associated with a coverage level of ρ 2 = 0.9 ×10 −6 g cm −2 , which corresponds to a monolayer of NPs with approximate separation of 1.6 nm from each other. On the other hand, TiO 2 NPs showed little adsorption on Cu, Mo, Pt, and Al, whereas a sub-monolayer film is formed on other six substrates. Similarly, Al 2 O 3 NPs formed a sub-monolayer film on Pt surface, but showed little adsorption on alumina. SiO 2 NPs (both types) also formed a sub-monolayer film on Au and Ni surface; however the particles with surface treatment (SiO 2 -P) showed higher adsorption. sub-monolayer film on Au and Ni surface; however the particles with surface treatment (SiO2-P) showed higher adsorption. 
Motional Resistance and Oscillator Dissipation Response to Introduction of Nanoparticles
The visco-density effect of adding NPs into a liquid is expected to increase the dissipation of QCM and hence cause an increase in R and a decrease in Q. The quantities δR and δQ/Q technically have the same physical significance in that they characterize the interfacial effect in terms of energy dissipation of the QCM. An increase in quality factor is the manifestation of a decrease in energy dissipation of the QCM, which is why larger negative values of δR correspond to higher positive values of δQ/Q in Figure 5 . The quantitative correlation between the two is depicted in Figure 6 . The increase in viscosity and density of nanosuspension is expected to produce an increase in R, as represented by the dashed lines in the Figure 5a . The observed δR in opposite direction for some NP-substrate combinations ( Figure 5 ) is however associated with a decrease in the energy dissipation of the QCM. This effect is intriguingly associated with an interfacial slip at the surfaceliquid-nanoparticle boundary [17] . The interfacial slippage is enabled by the presence of the NPs and facilitates QCM oscillation with less energy dissipation than in the pure liquid alone. The interaction between the NPs adsorbed on the surface (or the surface itself) and those dispersed in the liquid give rise to an interfacial slip at the solid-liquid boundary. This interfacial slip considered as one of the nano-scale lubrication mechanism of the nanoparticles and has been reported to be correlated with a decrease in friction at the macro-scale contacts lubricated by them [16] . The SiO2 NPs with 75 nm diameter, as previously reported, were observed to adsorb on the QCM's Au surface electrode and enable the interfacial slip thereby reducing the energy dissipation of the QCM. For Fe2O3 NPs, similar reduction in QCM energy dissipation was observed, and was correlated with the reduction in coefficient of friction at the macroscale contacts. TiO2 NPs also decrease the energy dissipation for all the substrates studied but alumina. The alumina surface 
The visco-density effect of adding NPs into a liquid is expected to increase the dissipation of QCM and hence cause an increase in R and a decrease in Q. The quantities δR and δQ/Q technically have the same physical significance in that they characterize the interfacial effect in terms of energy dissipation of the QCM. An increase in quality factor is the manifestation of a decrease in energy dissipation of the QCM, which is why larger negative values of δR correspond to higher positive values of δQ/Q in Figure 5 . The quantitative correlation between the two is depicted in Figure 6 . The increase in viscosity and density of nanosuspension is expected to produce an increase in R, as represented by the dashed lines in the Figure 5a . The observed δR in opposite direction for some NP-substrate combinations ( Figure 5 ) is however associated with a decrease in the energy dissipation of the QCM. This effect is intriguingly associated with an interfacial slip at the surface-liquid-nanoparticle boundary [17] . The interfacial slippage is enabled by the presence of the NPs and facilitates QCM oscillation with less energy dissipation than in the pure liquid alone. The interaction between the NPs adsorbed on the surface (or the surface itself) and those dispersed in the liquid give rise to an interfacial slip at the solid-liquid boundary. This interfacial slip considered as one of the nano-scale lubrication mechanism of the nanoparticles and has been reported to be correlated with a decrease in friction at the macro-scale contacts lubricated by them [16] . The SiO 2 NPs with 75 nm diameter, as previously reported, were observed to adsorb on the QCM's Au surface electrode and enable the interfacial slip thereby reducing the energy dissipation of the QCM. For Fe 2 O 3 NPs, similar reduction in QCM energy dissipation was observed, and was correlated with the reduction in coefficient of friction at the macroscale contacts. TiO 2 NPs also decrease the energy dissipation for all the substrates studied but alumina. The alumina surface develops a positive charge at the pH level of TiO 2 NP suspension, while all other substrates are either neutral or develop negative charge. This give rise to an attractive coulomb interaction between TiO 2 NPs and the alumina surface, which possibly explains the peculiar behavior of the alumina surface for TiO 2 NPs. Al 2 O 3 NPs give rise to an increase in energy dissipation at the interface for Pt and alumina surfaces, as evidenced by positive R and negative δQ/Q values. The effect of the Al 2 O 3 NP is dependent on the substrate: the adsorption is higher on the Pt surface, while the increase in energy dissipation is higher on alumina. Similarly, SiO 2 NP's effects on Au and Ni substrates are different, depending on the size, surface treatment and zeta potential of these NPs. The 75 nm diameter SiO 2 NPs with −21.1 mV zeta potential decrease the energy dissipation at Au surface whereas SiO 2 -P NPs with 50 nm diameter and −27.2 mV zeta potential increase the energy dissipation at both Au and Ni surfaces. between TiO2 NPs and the alumina surface, which possibly explains the peculiar behavior of the alumina surface for TiO2 NPs. Al2O3 NPs give rise to an increase in energy dissipation at the interface for Pt and alumina surfaces, as evidenced by positive R and negative δQ/Q values. The effect of the Al2O3 NP is dependent on the substrate: the adsorption is higher on the Pt surface, while the increase in energy dissipation is higher on alumina. Similarly, SiO2 NP's effects on Au and Ni substrates are different, depending on the size, surface treatment and zeta potential of these NPs. The 75 nm diameter SiO2 NPs with −21.1 mV zeta potential decrease the energy dissipation at Au surface whereas SiO2-P NPs with 50 nm diameter and −27.2 mV zeta potential increase the energy dissipation at both Au and Ni surfaces. Figure 6 depicts the correlation between the two quantities δR and δQ/Q. A strong negative correlation is expected because these two quantities are associated with the same physical entity: the change in frictional energy dissipation of the QCM. Another feature of this graph is that the observation data points are clustered by the type of nanoparticles. This shows that the variations in another, indicating that the nanoparticles play a larger role than the substrates in determining the drag force levels at the interface. 
Nanotribological Performance Factor δR/δf
When the adsorbed NP film or NPs in the immediate neighborhood of surface slips on the QCM surface during its oscillatory motion, the magnitude of the frequency shift δf will be lower than that given by the Sauerbrey equation for the rigidly attached film or lower than the expected visco-density effect. There will be also a discrepancy in the QCM's quality factor, Q, since the friction associated with the nanoparticle sliding results in a further change in the energy dissipation at the solid interface but potential decoupling from the viscous effects of the surrounding liquid. For a film characterized by a frictional force per unit area F/A = ηv, where v is the sliding speed, a characteristic "slip time", τ = ρ2/η, parameterizes the strength of the friction coefficient η and can be inferred from the relation δ(Q −1 ) = 4πτ(δf) [39] . The change in the quality factor δ(Q −1 ) is directly correlated to the change in the motional resistance δR, as indicated by the negative correlation between δR and δQ/Q ( Figure 6 ). The quantity δR/δf is, therefore, inversely proportional to the slip time of a two dimensional material atop the QCM, and, thus, is reflective of the frictional properties of the system. If the NPs at the interface are slipping, or if the fluid is slipping more readily after NP adsorption to the QCM surface, then the bulk liquid as a whole will be less coupled to the transverse oscillatory motion of the QCM. The distribution of δR/δf is shown in the Figure 7 . The data points above the δR/δf = 0 line correspond to the negative δR (or positive δQ/Q values), and represent the cases where NPs decrease the energy dissipation of the QCM. The variations of δR/δf with the substrate and NPs are, however, different than that of δR or δQ/Q. This is because that the quantity δR/δf measures the surface effect of the NPs in the immediate neighborhood of the surface and/or NP film adsorbed on the surface. Higher δR/δf corresponds to a longer slip time, and a decrease in the drag forces at the interface provided by the NPs. Figure 6 depicts the correlation between the two quantities δR and δQ/Q. A strong negative correlation is expected because these two quantities are associated with the same physical entity: the change in frictional energy dissipation of the QCM. Another feature of this graph is that the observation data points are clustered by the type of nanoparticles. This shows that the variations in δR and δQ/Q from one nanoparticle to another are larger than the variation from one substrate to another, indicating that the nanoparticles play a larger role than the substrates in determining the drag force levels at the interface.
When the adsorbed NP film or NPs in the immediate neighborhood of surface slips on the QCM surface during its oscillatory motion, the magnitude of the frequency shift δf will be lower than that given by the Sauerbrey equation for the rigidly attached film or lower than the expected visco-density effect. There will be also a discrepancy in the QCM's quality factor, Q, since the friction associated with the nanoparticle sliding results in a further change in the energy dissipation at the solid interface but potential decoupling from the viscous effects of the surrounding liquid. For a film characterized by a frictional force per unit area F/A = ηv, where v is the sliding speed, a characteristic "slip time", τ = ρ 2 /η, parameterizes the strength of the friction coefficient η and can be inferred from the relation δ(Q −1 ) = 4πτ(δf) [39] . The change in the quality factor δ(Q −1 ) is directly correlated to the change in the motional resistance δR, as indicated by the negative correlation between δR and δQ/Q (Figure 6 ). The quantity δR/δf is, therefore, inversely proportional to the slip time of a two dimensional material atop the QCM, and, thus, is reflective of the frictional properties of the system. If the NPs at the interface are slipping, or if the fluid is slipping more readily after NP adsorption to the QCM surface, then the bulk liquid as a whole will be less coupled to the transverse oscillatory motion of the QCM. The distribution of δR/δf is shown in the Figure 7 . The data points above the δR/δf = 0 line correspond to the negative δR (or positive δQ/Q values), and represent the cases where NPs decrease the energy dissipation of the QCM. The variations of δR/δf with the substrate and NPs are, however, different than that of δR or δQ/Q. This is because that the quantity δR/δf measures the surface effect of the NPs in the immediate neighborhood of the surface and/or NP film adsorbed on the surface. Higher δR/δf corresponds to a longer slip time, and a decrease in the drag forces at the interface provided by the NPs. 
Macroscale Friction of Selected Systems and the Relation to QCM Measurements
The quantity δR/δf, observable in QCM experiments, has been reported as a nanotribological performance factor for the lubrication effect of nanoparticles at nano-scale [16] , and has been 
The quantity δR/δf, observable in QCM experiments, has been reported as a nanotribological performance factor for the lubrication effect of nanoparticles at nano-scale [16] , and has been previously correlated with the decrease in macro-scale friction coefficient at the contacts lubricated by aqueous suspension. The macro-scale friction between alumina ball and alumina disc lubricated by Fe 2 O 3 and TiO 2 nanosuspensions are shown in Figure 8a ,b respectively. The Fe 2 O 3 nanosuspension decreased while TiO 2 nanosuspension increased the friction. This change in friction levels measured with a ball-on-disc tribometer is correlated to the QCM measurements as illustrated in Figure 8c -e. The friction between alumina ball sliding on alumina disc submerged in DI water decreases (increases) with the addition of Fe 2 O 3 (TiO 2 ) NP in the solution. An analogous trend has been observed in the QCM measurements discussed in the avbove sections. Addition of both Fe 2 O 3 and TiO 2 NPs in water result in a decrease in frequency of the QCM with the alumina surface electrode indicating that both NPs are adsorbed on the surface, Fe 2 O 3 being adsorbed in a higher extent. But the motional resistance (Figure 8d ) and Q-factor (Figure 8e ) trend in the opposite direction for the two NPs. A decrease in resistance for Fe 2 O 3 NPs implies a decrease in the QCM energy dissipation and, hence, reduced motional drag forces at the interface, whereas an increase in resistance for TiO 2 implies an increase in the QCM energy dissipation and an increased friction at the interface. In Figure 7 , these cases are respectively represented by the data points enclosed by an oval and a rectangle. The oval corresponds to positive δR/δf and reduced interfacial drag forces for Fe 2 O 3 NPs, and the rectangle corresponds to negative δR/δf and increased interfacial drag forces for TiO 2 NPs on alumina surface. Therefore, the parameter δR/δf, so-called performance factor, is linked to the relative performance of NPs for their nanotribological effect at the solid-liquid interfaces. The metallic surfaces Cu, Pt, and Al are among the highest performing substrates for the TiO 2 NP suspension, as evidenced by the highest performance factor.
Discussion
Of the various candidate performance factors considered in this study based on available datasets, we observe that the quantity δf is not linked to nanoscale or macroscale lubricity in an obvious way. The performance factors associated with δR and δR/δf plotted in Figure 5 ; Figure 7 do, however, show trends with macroscale measurements of friction coefficient, as well as being clear representations of atomic scale lubricity. Of the 48 datasets recorded, 37 are reflective of enhanced lubrication while 11 may indicate increases in macroscale friction. For the systems selected for the macroscale friction measurements, this indeed was the case. We therefore find that the previous link identified for one particular materials combination may be applicable to far more diverse set of nanoparticle-substrate combinations. Since the QCM measures the frictional drag forces at a solid liquid boundary, the correlation is likely to be applicable for mixed and hydrodynamic lubrication regimes.
For the systems studied, the variation between the nanoparticles is found to be larger than the variation between the substrates (Figure 6 ), indicating that the nanoparticles play a bigger role than the substrates in determining the lubrication at the interface. Comparison of the performance factors with the materials properties listed in Table 2 for the substrate materials does not, however, reveal any direct links between the individual material properties and the interfacial drag forces. Identification of these influential properties is the key for designing new material systems for specific lubrication applications, and it is highly likely that the manner in which multiple properties collectively combine gives rise to the net tribological performance.
One of the overarching goals of the present research is to uncover intrinsic characteristics of materials, i.e., the "genes" [40, 41] , which govern the tribological behavior of given material systems. The data in Figure 7 shows a variation in the performance factor among substrates and nanoparticles. Statistical analysis is required to explore the relations to the candidate physical properties of the substrate materials and nanoparticles that could give rise to the observed behavior. In the present case, the relation between the materials genome and tribological performance is not obvious, and is likely to be related to a more subtle relationship between the materials. This is in fact expected to be the case: otherwise a direct and obvious relation would have already been determined. The diversity of materials combinations studied here begins a data base for statistical analysis of system properties that can in principle uncover genes that cannot be readily be solved with traditional tools such as, for example, thermodynamic and first principles databases. A statistical analysis of diverse measured properties may be necessary to uncover the relevant materials genes, and statistical methods can readily be employed to identify significant associations between the selected genes and the performance factors. The statistically significant relationships have the critical advantage of being able to make predictions for new substrates using only their physical properties and the methods can be expanded to design new materials for the optimization of the performance factors.
Conclusions
The nanotribological properties of four nanoparticles TiO 2 , SiO 2 , Al 2 O 3 , and Fe 2 O 3 and ten substrate materials Au, Al, Cr, Cu, Mo, Ni, Pt, SiO 2 , Al 2 O 3 , and SS304 were studied for aqueous suspensions of the nanoparticles employing a QCM technique. The suspensions were characterized on the basis of extent of nanoparticle adsorption on surface, erosion of surface material and change in the frictional energy dissipation at the interface. The principle observations and conclusions are as follows.
• Four QCM measurement parameters δf, δR, δQ/Q, and δR/δf were considered. Among these, the parameter δR/δf was identified to be the performance factor that characterized enhancement of lubricity upon introduction of nanoparticles the best.
•
The performance factor δR/δf that describes the nanotribological effect measured with QCM was found to be applicable to a wider and more diverse set of nanoparticle-substrate combinations than had previously been reported. The extent of the regime of lubrication over which the performance factor correlates with macroscale lubricity is yet to be fully established.
Variations in the performance factor from one nanoparticle to another are observed to be far greater than the variation from one substrate to another, consistent with nanoparticle properties playing a larger role than the substrate physical properties in determining the frictional drag force levels.
The performance factor was not found to have an obvious correlation with any of the material properties considered. A comprehensive statistical analysis of the data would be required to possibly identify candidate material intrinsic properties that determine the performance of a system as lubricant.
Overall, this study pioneers a promising methodology within the broader approach of the materials genome initiative by enabling statistical methods for identification of particularly important material intrinsic properties (genes) linked to both nano-and macro-scale lubricity.
